Background: To inform the clinical management of patients with suspected carpal tunnel syndrome (CTS) and case definition for CTS in epidemiological research, we explored the relation of symptoms and signs to sensory nerve conduction (SNC) measurements. Methods: Patients aged 20-64 years who were referred to a neurophysiology service for investigation of suspected CTS, completed a symptom questionnaire (including hand diagrams) and physical examination (including Tinel's and Phalen's tests). Differences in SNC velocity between the little and index finger were compared according to the anatomical distribution of symptoms in the hand and findings on physical examination.
Background
Carpal tunnel syndrome (CTS) arises from entrapment of the median nerve at the wrist, which if necessary can be treated by surgical decompression. Typically the disorder is characterised by numbness or tingling in the sensory distribution of the nerve in the hand, which in some cases may be accompanied by pain, or by weakness of the muscles of thumb abduction and opposition. Pointers to the diagnosis include positive findings on challenge tests in which either tapping over the median nerve at the wrist (Tinel's test) or sustained flexion of the wrist (Phalen's test) produce numbness, tingling or pain in the nerve's sensory distribution. However, neurophysiological demonstration of impaired conduction in the median nerve is widely regarded as a more reliable indicator of the disease [1] .
That said, nerve conduction studies cannot be regarded as a gold standard for diagnosis since the correlation of symptoms with abnormal nerve conduction, however defined, is imperfect [2] [3] [4] [5] [6] [7] . Thus, there are no universally agreed diagnostic criteria for CTS, and decisions to carry out surgical decompression may depend on a combination of symptoms, signs and findings from nerve conduction studies, according to the practice of the surgeon [1, 8] . Nevertheless, in managing patients with symptoms suggestive of CTS, it would be useful to know which clinical features are most predictive of impaired nerve conduction, and whether there are combinations of clinical findings for which nerve conduction is no different from that in asymptomatic hands.
Away from clinical practice, there is also a need to optimise diagnostic criteria for CTS in epidemiological research. In these circumstances, a different approach may be required. For example, in population surveys, nerve conduction studies may not be possible, or may be practical for only a subset of participants. How should cases be defined when information is available only about symptoms, or only about symptoms and physical signs, and on what basis should subjects be selected for nerve conduction studies? If nerve conduction studies are available, what should be the criteria for abnormality? Again, answers to these questions will depend on the relation of symptoms and signs to nerve conduction measurements.
A number of previous studies have examined the relationship of clinical findings to abnormalities of nerve conduction [6, , but most have been small [10-12, 15-18,20-22,24-28] or have assessed associations with pre-defined composite scores without attempting to disentangle the relative importance of different component symptoms and signs [10, [20] [21] [22] [23] 29] . Moreover, with few exceptions [11, 24, 27, 28, 30, 31] they have classified nerve conduction dichotomously and have not compared distributions of measurements with the distribution found in asymptomatic hands.
To obtain more detailed information on the relation of clinical findings to nerve conduction, we analysed data from a consecutive series of patients referred to a clinic for neurophysiological investigation because of suspected CTS. Our two aims were to establish whether there are combinations of symptoms and signs for which nerve conduction studies are very unlikely to be abnormal and therefore are of dubious value, and to inform choices of case definition for use in epidemiological studies. In contrast to most previous studies, we analysed detailed symptoms and signs individually rather than as composite scores, and made no a priori assumptions about the level of impairment of median nerve conduction that should be classed as abnormal.
Methods
As part of a larger study, all patients aged 20-64 years, who attended the neurophysiology service at Southampton General Hospital during January 2007 to September 2009 for investigation of suspected CTS, were sent a letter inviting them to complete a self-administered questionnaire in advance of their hospital appointment.
Among other things, the questionnaire asked about sex, age, and the occurrence of numbness, tingling and pain in each hand during the past four weeks. Those who had experienced symptoms were asked to mark their anatomical distribution on hand diagrams (one diagram for each symptom) [20] , and also the number of days during the past four weeks, if any, on which the symptoms had disturbed their sleep.
When patients attended hospital they were seen by a research nurse (CL), who collected completed questionnaires (in a few cases where the patient had failed to complete part or all of the questionnaire, he or she was asked to do so in the clinic or to return it later), and carried out a brief physical examination of the hands. This comprised an assessment of the strength of abduction and opposition of the thumb and performance of Tinel's and Phalen's tests. At the time of the physical examination, neither the patient nor the nurse knew whether the neurophysiological examination was considered abnormal.
In the assessment of muscle strength, the patient was asked to place the dorsum of each hand in turn, flat on a surface, and to maintain the thumb in abduction against a force which the nurse applied with her thumb. The patient was then asked to oppose the tips of the thumb and little finger while the nurse applied a counter-force with her thumb and index finger. Weakness was considered to be present if the patient could not maintain a posture when challenged.
Tinel's test was performed by percussing the wrist briskly three times with a tendon hammer over the flexor retinaculum, just radial to the palmaris longus tendon at the distal wrist crease. In Phalen's test, the patient was asked to maintain the wrists in 90°flexion for one minute, with the backs of the fingers opposed. In each case, the test was deemed positive if it provoked numbness, tingling or pain in the thumb, index finger, middle finger or medial palmar surface of the hand.
Each nerve conduction study was carried out using a Nicolet machine by a physician or clinical physiologist trained in clinical neurophysiology. Sensory and motor nerve conduction tests were performed to look for evidence of carpal tunnel syndrome in accordance with the normal departmental protocol. Among other things, measurements were made of orthodromic sensory nerve conduction (SNC) from index, middle and little fingers to wrist, with surface recordings made over the median or ulnar nerves proximal to the distal wrist crease. With the patient's permission, the findings were subsequently abstracted by the research nurse from the clinical record.
Statistical analysis was carried out using Stata version 11.1 [32] , and was restricted to hands which had not previously been treated surgically for CTS. As a first step, we wished to identify a single continuous measure of median nerve function to which clinical findings could be related. It is widely accepted that in CTS, abnormality of sensory nerve conduction is seen before abnormality of motor nerve conduction, and we therefore focused on the former. To determine a suitable measure of sensory nerve conduction, we explored the frequency distributions and intercorrelations of three alternative indices -SNC velocity in the index finger, SNC velocity in the middle finger, and the difference between SNC velocity in the little and index fingers.
Having chosen a suitable measure of nerve conduction, we next examined its relationship to symptoms and findings on physical examination. For this purpose, the completed hand diagrams were used to characterise the distribution of numbness/tingling and pain in each hand, according to which of 30 anatomical regions were affected ( Figure 1) . A region was considered positive for numbness/tingling if it was affected by either symptom. Each of the 30 regions was classified according to whether it fell exclusively within the sensory distribution of the median nerve (regions [22] [23] [24] [25] [26] [27] [28] [29] , partly within its distribution (regions 7, 10, 19-21 and 30), or entirely outside it (regions 1-6, 8-9 and 11-18). These categories were designated "median", "part-median" and "nonmedian". As in an earlier study [33] , symptoms that occurred in the median area were sub-classified as "extensive median" or "limited median", according to whether the number of regions 22-29 with symptoms was ≥6 or <6. Means and standard deviations of SNC velocity were derived for different symptom patterns and examination findings individually, and then their mutually adjusted associations with SNC velocity were assessed by multiple linear regression. This analysis adjusted also for sex and age, and used random effects modelling to allow for the possibility that results for two hands from the same patient were not independent. We then derived mean SNC velocities for combinations of symptoms and clinical findings which the regression analysis suggested were most predictive of abnormality.
To identify a suitable cut-point in the distribution of SNC velocities by which cases might be defined in epidemiological research, we compared the distribution of SNC velocities in hands with clinical findings which the above analysis indicated were associated with the lowest SNC velocities, and that in hands with no symptoms or physical signs. This analysis was carried out in a random 50% subset of hands, and then the performance of the proposed cut-point in relation to clinical findings was assessed in the other 50% of hands.
Ethical approval for the study was provided by Southampton and South-West Hampshire NHS Research Ethics Committee.
Results
A total of 1248 patients were invited to take part in the study, of whom 908 (73%) completed questionnaires -298 men and 610 women with mean age 47.1 years, median 48.0 years and inter-quartile range 39.8 to 55.1 years. These patients provided information on 1816 hands, but 10 hands were excluded from analysis because of previous surgery for CTS ( Figure 2 ).
Among the remaining 1806 hands, 1571 (87%) provided satisfactory measurements of SNC for the index finger, 1302 (72%) for the middle finger, and 1627 (90%) for the little finger. For each digit, the distribution of SNC velocities was approximately normal. The three measures of SNC velocity investigated were all highly correlated, with a particularly close relation between SNC velocity in the index and middle fingers (r = 0.97). In subsequent analyses, the difference in SNC velocities between the little and index fingers was adopted as the preferred continuous measure of median nerve function since it provided control for possible residual effects of variation in hand temperature, and because data were more complete for the index than the middle finger. Table 1 summarises the distribution of numbness/ tingling and pain in the 1806 hands that were analysed. Most hands (1459) had been affected by numbness or tingling in the month before completing the questionnaire, but fewer (893) had been painful. Most often, numbness/tingling was reported in all three of the median, part-median and non-median regions (including 787 hands with extensive median involvement and 286 with limited median involvement). In contrast, limitation of numbness and tingling to the median and/or partmedian regions with no involvement of the non-median regions was much less common (216 hands). On the basis of this analysis, the observed patterns of symptoms were assigned to groups (eight for numbness/tingling and five for pain) in a way that ensured adequate numbers of hands in each group (where a symptom distribution occurred in only a few hands, it was aggregated with another similar distribution). The definition of these groups is indicated in Table 1 . Table 2 shows differences in SNC velocities between the little and index fingers (mean and standard deviation) for different distributions of symptoms, and according to findings on physical examination of the hand. Data on physical examination (Tinel's and Phalen's tests, thumb weakness) were missing for 235 hands because the patient attended hospital on a day when the research nurse was unavailable, and were incomplete for a few further hands. Differences in SNC velocity were higher in hands classed to Groups 6 and 7 for numbness/tingling (i.e. those with extensive median involvement). Positive Tinel's and Phalen's tests were also associated with impaired median nerve conduction, but there was no clear relation of median nerve conduction to pain or to thumb weakness. When associations with clinical findings were mutually adjusted in a multiple linear regression analysis, the associations with Groups 6 and 7 for numbness/tingling, and with positive Tinel's or Phalen's tests were all statistically significant (Table 2) .
We next examined nerve conduction velocities for combinations of symptoms and signs which the multiple regression analysis had indicated were most predictive of abnormality. For this purpose, distributions of numbness and tingling were further aggregated as shown in Table 3 . In hands with no numbness or tingling and negative on both Tinel's and Phalen's test, the mean difference in SNC velocity between the little and index finger was 5.0 m/s. Relative to this value, differences in SNC velocities were materially increased only when Tinel's or Phalen's test was positive, the highest difference in velocities being found in hands with extensive median numbness/tingling and both Tinel's and Phalen's tests positive (mean difference 13.8, 95% confidence interval (CI) 12.6 to 15.0 m/s).
To derive a cut-point for abnormality of the difference in SNC velocities between the little and index fingers that might be used in epidemiological studies, we compared the distribution of measurements in hands which had extensive median numbness/tingling and were positive on both Tinel's and Phalen's tests, with that in hands which had no numbness or tingling and were negative on both tests. For this analysis we used a 50% random subset (n=193) of the hands that met these clinical criteria. As illustrated in Figure 3 , there was overlap between the two distributions, a number of clinically positive hands having differences in SNC velocities less than 5 m/s. However, the modal values were distinct, and a value of 8 m/s appeared to discriminate between the two sets of hands reasonably well. When this cut-point was applied in the other random 50% of hands, the prevalence of abnormality (i.e. difference in SNC velocity > 8 m/s) was 25% in hands with no numbness/tingling and negative on Tinel's and Phalen's tests, and 67% in those that exhibited all three of these clinical features.
In addition to the hands with measured SNC velocities that were included in the above analyses, there were 84 hands in which no signal could be detected when the index finger was tested, indicating extreme impairment of conduction. They included one hand with no numbness/tingling and negative on both Tinel's and Phalen's tests, and 26 with extensive median numbness/ tingling and positive on both tests. When a random 50% of these 27 hands were added to the group with differences in SNC velocity > 8 m/s, the prevalence of abnormality in hands with no symptoms or signs became 26%, while that in hands with all three clinical features increased to 70%. Furthermore, when abnormality was defined in the same way for the full sample of hands, the prevalence of abnormality in hands with numbness/tingling but negative on both Tinel's and Phalen's tests (aggregate categories C, E and H in Table 3 ) was 25% as compared with 32% in hands with no numbness or tingling (aggregate categories A and B in Table 3 ).
To check the robustness of our findings, we repeated the analyses for Tables 2 and 3 using as alternative measures of median nerve function: a) distal motor latency; and b) sensory nerve amplitude in the index finger. Results were generally consistent. In particular, there was no increase in geometric mean distal motor latency or reduction in geometric mean sensory nerve amplitude when both Tinel's and Phalen's tests were negative.
Discussion
Our findings suggest that irrespective of symptoms, when both Tinel's and Phalen's tests are negative, mean SNC velocity in the median nerve is little different from that in asymptomatic hands. Conversely, abnormal SNC is most likely to be found when both of these tests are positive. In the absence of physical examination, the strongest predictor of abnormal SNC in the median nerve was the occurrence of numbness or tingling in an extensive median distribution with no involvement of non-median parts of the hand. With the methods that we used, a cut-point of 8 m/s in the distribution of the difference between little and index finger SNC velocities appears a reasonable basis on which to define abnormality of median nerve function in epidemiological research. Our study had the strength of being based on a large sample of patients, and although the response from potential participants was incomplete (73%), and information was partially missing on some others who agreed to take part (for example, because they attended hospital on a day when the research nurse was not present), we have no reason to expect that those included in analyses would have been atypical in the relation of SNC to symptoms and physical signs. Furthermore, the clinical department in which the study was conducted was the only provider of nerve conduction studies for almost all of a local population of some 440,000 people, referrals coming mainly from general practitioners and orthopaedic surgeons. Thus, we would expect that within the age range studied (20-64 years), the associations that we found between clinical findings and SNC will have been fairly representative of those in patients with suspected CTS in the community. However, they cannot necessarily be extrapolated to older populations, in which other causes of neurological symptoms in the hand may be relatively more frequent.
Many of the asymptomatic hands which we studied were in patients with symptomatic CTS in the other hand, and therefore, their prevalence of abnormal nerve conduction may have been higher than that in asymptomatic hands in the general population. To the extent that this occurred, it may have caused us to underestimate the ability of our proposed cut-point of 8 m/s to discriminate between asymptomatic hands and those with typical features of CTS.
Other strengths of our study were the systematic and detailed collection of data on symptoms and the performance of a standardised physical examination. Moreover, by treating SNC velocity as a continuous variable in most of our analysis, we avoided the potential for error from arbitrary dichotomous definitions of abnormality. The distribution of SNC velocities across all of the hands examined Figure 3 Distributions of differences in sensory nerve conduction velocity between the little and index fingers in a random 50% sample (N=193) of hands a) with no numbness/tingling and negative for Tinel's and Phalen's tests ("negative" hands) or b) positive for all three of these clinical features ("positive" hands). The vertical red line indicates the proposed cut-point for abnormality of sensory nerve conduction. was unimodal, with reduced conduction in some hands that were totally asymptomatic. Thus, even if impaired nerve conduction occurred when a clinical test was negative, the finding would not necessarily imply that the test lacked sensitivity.
In a few analyses we did dichotomise SNC velocities, and the predictive values that we then found for abnormality could reasonably be extrapolated to other similar patient populations. However, they would not be expected to apply where the underlying prevalence of abnormality was substantially lower (e.g. when screening a workforce). Nor could sensitivities and specificities necessarily be extended to other settings in which the mix of cases differed (e.g. a higher proportion of hands with borderline as compared with severe abnormality of SNC) or there was a different prevalence of other pathologies that could give rise to the same symptoms. For this reason, and because SNC velocity cannot be regarded as a diagnostic gold standard, we did not calculate sensitivities or specificities.
Report of symptoms, including through use of hand diagrams, may not have been entirely reliable, and it is possible that this contributed to the absence of important associations between nerve conduction and the distribution of pain (Table 2 ). However, misclassification of symptoms should not have given rise to spurious associations with nerve conduction.
Implications for clinical practice
In our series of 908 patients, the mean difference between little and index finger SNC velocities in symptomatic hands that were negative for both Tinel's and Phalen's tests was no higher than that in hands which had no numbness or tingling (Table 3) ; and the prevalence of abnormal SNC velocity as we defined it (25%) was rather lower than that in hands without these symptoms (32%). This suggests that unless patients with suspected CTS have other objective evidence of impaired median nerve function (e.g. abnormality on sensory testing or wasting of the thenar muscles), there is little value in referring them for nerve conduction studies if they are negative on both Tinel's and Phalen's tests.
Other studies that have examined the utility of Tinel's and Phalen's tests in the diagnosis of CTS have generally reported low sensitivity in relation to nerve conduction abnormalities [9, 10, 12, [16] [17] [18] 21, [25] [26] [27] 31] . However, because SNC velocity can be abnormal in asymptomatic hands, an ideal test would have a sensitivity of less than 100% when assessed against nerve conduction as a standard. In a study which made allowance for this by latent class analysis, the sensitivities of Tinel's and Phalen's tests were 0.97 and 0.92 respectively [3] .
Among the 788 patients in our case series who underwent physical examination, 228 (29%) were negative for both Tinel's and Phalen's tests in both hands. This suggests that screening out patients negative for both of these tests could materially reduce the workload of some neurophysiology services.
Implications for epidemiological research
A recent review highlighted wide variation in the case definitions that have been used for CTS in epidemiological research [34] . When defining cases for epidemiological purposes, a balance must be drawn between sensitivity and specificity, and the choice that is made will depend in part on the purpose of the research. For example, when estimating population attributable burdens of disease, it may be preferable to adopt a more sensitive and less specific case definition, any inflation of total disease prevalence because of false positives tending to be offset by reductions in estimates of relative risk (because of bias towards the null). On the other hand, for hazard identification and characterisation, a more specific case definition may be advantageous. Another consideration is the types of data that are available. In some studies, information may be obtained only on symptoms or only on symptoms and physical signs.
Our findings suggest that where information is limited to symptoms (e.g. in a survey based on questionnaires), the most specific case definition would be numbness/tingling with an extensive median distribution, and also affecting part-median regions of the hand, but with no involvement of non-median regions. A more sensitive, but somewhat less specific definition would be numbness/tingling with an extensive median distribution, irrespective of other symptoms. We have not found previous studies that classified symptoms exactly as we did, but these conclusions accord broadly with earlier research. Thus, one study found that mean SNC velocity was lower when sensory symptoms occurred in at least three of the four radial digits as compared with when only one or two of these digits was affected [11] , and another that neurophysiological abnormality was more prevalent when paraesthesiae were restricted to the median nerve distribution [13] . At the same time, several investigators have observed that patients with abnormal nerve conduction often have sensory symptoms outside the distribution of the median nerve [11, 35, 36] . Some studies have suggested that report of pain in the hand also has diagnostic value [9, 13, 30] , although an association with impaired nerve conduction has not always been found [14] , and there was none in our study.
If Tinel's and Phalen's tests can be performed in addition to ascertainment of symptoms, then a relatively specific case definition for epidemiological studies would be numbness/tingling with an extensive median distribution, combined with a positive Tinel's test and positive Phalen's test. A more sensitive but less specific case definition would include anyone with symptoms in whom either Tinel's or Phalen's test was positive.
In some studies, there may be a need to distinguish between abnormal and normal nerve conduction. While the choice of a cut-point for abnormality will inevitably be somewhat arbitrary, our results suggest that with the method of testing that we employed, a reasonable definition for an abnormal difference between SNC velocities in the little and index fingers sufficient to cause symptoms would be a value of >8 m/s.
Conclusions
In summary, this relatively large study supports the use of Tinel's and Phalen's tests as a filter when referring patients with possible CTS for nerve conduction studies, at least for those of working age. In addition, it highlights the diagnostic relevance of the extent to which numbness and tingling affect the sensory distribution of the median nerve, especially for use in epidemiological research where physical examination and nerve conduction studies are not available. And it demonstrates an approach by which to define a threshold for abnormal nerve conduction that could be used in epidemiological studies. The validity and practical utility of our proposed definition for abnormal median nerve conduction can be tested by exploring whether it distinguishes a group of patients who differ in their risk factors or response to treatment. This is examined in two companion papers [37, 38] .
